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Abstract 
The mechanical characterization of soil profiles by means of the Spectral Analysis of 
Surface Waves (SASW) has become a widely accepted practice in recent years. This technique 
presents some limitations inherent to the hypotheses adopted in establishing the analytical 
dispersion curve used for the adjustment of the soil profile model. It relies on the adjustment of 
the fundamental propagation mode and thus lacks capacity to identify the presence of soft 
layers located under stiffer strata, where higher surface wave modes are generally excited. The 
experimental dispersion curve is affected by the variation of the "effective" velocity of the 
profile, which depends on the propagation modes involved and on the location of the 
transducers. This work presents a multiple transducers experimental technique based on a 
target function with two independent variables: the input frequency of the source and the 
propagation velocity of the surface waves. This function, herein referred to as "spatial phase 
dispersion", presents minimum values for frequencies and propagation velocities closely 
related with the dispersion curve of the SASW technique. A least square minimization between 
experimental and analytical spatial phase dispersion allows parameter adjustment of soil 
profiles even in cases of soft layers underlying stiffer strata. The variability of the effective 
velocity is explicitly considered during the model updating. Sample real cases are presented in 
order to show the performance of the proposed procedure. 
Résumé 
L'usage de la technique de l'Analyse Spectrale des Ondes Superficielles (SASW) pour la 
caractérisation mécanique des profils du sol est devenue une pratique commune ces dernières 
années. Cette technique présente quelques limitations inhérentes aux hypothèses adoptées pour 
établir la courbe de dispersion analytique utilisée pour l'ajustement du modèle de profil du sol. 
Cette technique se base sur l'ajustement du mode fondamental de propagation et manque ainsi 
de capacité pour détecter des couches douces localisées sous une plus dure où les plus hauts 
modes de propagation des ondes de surface sont normalement excités. La courbe 
expérimentale de dispersion est affectée par la variation de la vitesse "effective" du profil qui 
dépend des modes de propagation concernés et de l'emplacement des transducteurs. Ce travail 
présente une technique expérimentale d'un transducteur multiple et se base sur deux variables 
indépendantes: la fréquence d'entrée de la source et la vitesse de propagation des ondes de 
surface. Cette fonction nommée "dispersion de phase spatiale" présente les valeurs de 
minimum pour les fréquences et les vitesses de propagation étroitement liées à la courbe de 
dispersion de la technique SASW. Une minimisation par moindre carrée entre la dispersion de 
phase spatiale expérimentale et analytique permet un ajustement des paramètres de profils du 
sol même en cas de couches douces sous des couches dures. La variabilité de la vitesse 
effective est explicitement considérée pendant la mise au point du modèle. Des cas 
d'application pratique sont présentés pour illustrer la capacité de la procédure proposée. 
Keywords 
SASW, dispersion curves, spatial phase dispersion, mechanical parameters updating. 
 
    
   NDTCE’09, Non-Destructive Testing in Civil Engineering   
  Nantes, France, June 30th – July 3rd, 2009   
 
 
1  Introduction 
The proposed technique considers all propagation modes during the adjustment through a 
variation of the "thin layers formulation" that leads to good accuracy and low computational 
cost. A relatively small number of transducers allows the definition of a new target function 
herein called "spatial phase dispersion" that represents a surface whose ordinates vary between 
0 and 1 independently of the number of transducers. The two independent variables are the 
excitation period and the propagation velocity of surface waves. The excitation period is used 
instead of frequency because the discretization of this variable with fixed increments produces 
a better distribution of the experimental information. This surface presents minimum values or 
"valleys" in correspondence with the dominant propagation velocities for each excitation 
period. A least square minimization of the difference between the experimental and analytical 
versions of this target function allows parameters adjustment of different strata of the soil 
profile even in cases of soft strata underlying hard strata. The variability of the effective 
velocity with offset and number of transducers is explicitly considered being unnecessary to 
construct a unique curve valid for all the experimental data as in the SASW technique [1]. 
2  Layered Soil Model 
The analytical model used in the inversion process is based on the "thin layers formulation" 
presented by Kausel and Roësset [2]. This formulation allows to express the spatial response 
through the superposition of all propagation modes in closed form avoiding the explicit 
application of Hankel transform that involves larger computational effort. 
The halfspace model originally proposed for the thin layers formulation relies on 8~10 
strata with increasing thickness in depth covering 1.5 times the wave length of the fundamental 
propagation mode, responsible for the maximum displacements. This strategy allows to obtain 
adequate precision to the fundamental mode used to construct the analytical dispersion curve 
of SASW technique. However, this approach generates spurious modes that distort the 
response in spatial domain. Fig.1left shows a comparison of normalized coefficients of 
approximate and exact vertical flexibility versus normalized wave number. 
The adjustment of the components of exact halfspace stiffness matrices through polynomial 
fractions in the wave number domain, using experimental modal analysis techniques, has 
allowed accurately reproduce the dynamic flexibility curves of the halfspace as can be 
observed in Fig.1right. The upper modes are accurately represented while the halfspace 
matrices maintain the same mathematical structure of the thin layers matrices to continue 
avoiding the computationally costly Hankel transform. 
3  Definition of Spatial Phase Dispersion 
The spatial phase dispersion depends on offset and number of transducers. The suggested 
layout for M uniaxial vertical sensors placed on the ground surface on a straight line with  
transducers spacing or offset "s", also adopted as the distance between input load and first 
transducer. The parameter s is doubled after the execution of 5 to 10 impacts in each end of the 
transducers line. The spatial phase dispersion is constructed with the relative spatial phase 
among transducers as follows: 
a)  The spectral response for each input period i of each transducer m is "synchronized" 
in function of the distance ρm to the load, and the propagation velocity j, by dividing 
the spectral response Uim for the Hankel function H0
(2)(…): 
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Figure 1. Comparison of original and improved approximate vertical  flexibility of 
homogeneous halfspace ( ν = 0.25) 
b)  The spatial phase dispertion of frequency i and velocity j is obtained relating the 
relative spatial phase of the M transducers among themselves: 
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A more convenient expression from the experimental point of view involves cross spectral 
densities that allows to average the records of different tests and to reduce the influence of the 
experimental noise: 
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The spatial phase dispersion may be represented through contour lines as function of the 
excitation period and of the propagation velocity. 
4  Soil Profile Model Updating 
The adjustment of shear velocities of different strata is carried out minimizing the 
difference between experimental and analytical versions of spatial phase dispersion. Poisson 
coefficient and damping relations are not chosen as updating parameters due to the lack of 
sensitivity of the spatial phase dispersion against these parameters, as compared with shear 
velocities. 
Acquired experience indicates that it is not necessary to use the complete surface of the 
target function, being sufficient to adjust the surface valley associated with the dominant 
propagation velocities. An adequate conditioning of the updating equation system is obtained 
choosing as adjustment parameters the fractional change of strata velocities {p}: 
{ } { } { } ( ) 1 =⋅ + UI VV p    (4) 
where {VU} and {VI} are adjusted and initial shear wave velocities vectors, respectively, in 
each iteration step. The initial values of strata velocities can be defined through the raw data. 
The experimental phase dispersion is expressed in terms of the initial value for each iteration: 
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The maximum variation rate of velocities for each iteration must be limited to maintain the 
validity of the linearized expressions. The system to solve using the least square criterion is: 
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The sensitivity matrix that multiplies the adjustment parameters vector {p} is updated at 
each iteration evaluating the derivatives of the spatial phase dispersion through the chain rule. 
5  Experimental Studies 
The proposed technique is evaluated using the experimental data obtained for two different 
soil profiles. The Case 1 correspond to a normally dispersive profile (deep loessic formation). 
The input load was applied dropping a steel mass of 0.5 kN from a height of 1.7 m from a 
tripod shown in Fig.2left. The 6 HBM accelerometers were used as transducers with offsets of 
0.5 m, 1 m, 2 m and 4 m. The spectral coherence to define the rank of confident periods was 
obtained through of 5 tests for each layout. 
The Case 2 is an inversely dispersive profile (pavement site). The input load on the surface 
was applied manually through a steel hammer with a mass of 20 N. The impact point of the 
hammer together with the layout of the same 6 HBM accelerometers are given in Fig.2right. 
The transducers were placed on the pavement with offsets of 0.30 m and 0.60 m. 
   
Figure 2. Aplication of impulsive load and transducers layout for the real cases studied 
5.1  Results of Case 1 
The soil at the testing site is loessic, that according to available studies has an approximate 
density δ = 1.4 tn/m
3 and a Poisson coefficient ν = 1/3. The soil profile model is discretized in 
8 strata of 1 m thickness each over an homogeneous halfspace. These strata are then divided in 
sublayers with the same properties depending of the analysis frequency. 
Fig.3 shows a comparison of experimental and adjusted spatial phase dispersion curves for 
a transducer offset of 2 m. The adjustment of the complete surface that would demand a high 
computational cost is not necessary and only independent coordinates related with the "main 
valley" are chosen, for which maximum sensitivity with respect to shear velocities is achieved. 
The thick continuous lines indicate the portion of valley with good coherence for adjustment. 
The zone above the dash lines represents wave lengths greater than the distance between the 
impact point and the last transducer. The zone below the dash dot lines represents wave 
lengths with deficient sampling rate that would be affected by aliasing effects. The zone of 
recommended values for the adjustment is found between both described lines (shaded zone). 
The position of these boundary lines depends on number M and offset s of transducers: 
dash lines (complete wave length)
2 dash dot lines (aliasing)
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Figure 3. Spatial phase dispersion for a transducer offset of 2.00 m 
The general distribution of contour lines of both versions of spatial phase dispersion present 
a marked similarity even in the aliasing zone below the dash-dot line. The experimental values 
of phase dispersion are somewhat greater than analytical ones and in some cases they slightly 
surpass unity. The spectral coherence obtained as average of values calculated for all the 
transducers in pairs is shown under the experimental curve. The final adjusted values of the 
shear waves velocities shown in Table 1 result slighly larger than 170 m/s obtained with other 
field tests performed nearby. The adjusted soil profile presents basically uniform velocities 
that could also have been obtained with the original SASW method. The proposed technique, 
however, can be fully automated and does not require subjective user interventions. 
5.2  Results of Case 2 
The testing profile is formed by an asphalt layer with a thickness of 0.05m over a base of 
granular material with a thickness of 0.10m. Both strata rest over a deep loessic formation that 
is discretized in three strata of 0.20m, 0.40m and 0.80m over an homogeneous halfspace. 
Fig.4 shows a comparison of experimental and adjusted spatial phase dispersion curves for 
a transducer offset of 0.60m. The adjustment was only performed with the portion of the main 
valley indicated with a thick continuous line. The contour lines are very similar within of the 
shaded zone. The experimental values of phase dispersion in some cases slightly surpass unity. 
The spectral coherence presents values over 0.9 in all the adjustment frequency ranks. 
Table 2 shows the discretization of the site profile, the adopted values of Poisson’s ratio and 
density, and the final adjusted values of the shear waves velocities. The adjusted velocity of 
asphalt is consistent with values obtained in direct measurements over extracted samples.  The 
value for the stratum of 0.20m thickness of loess is higher than expected although can be 
explained in certain degree to some compaction process. The remaining velocities in loess are 
found inside the values in nearby zones using alternative techniques. 
6  Conclusions 
A new technique for adjustment of mechanical soil profiles through the spectral analysis of 
surface waves with multiple transducers has been presented. The stiffness matrix of the 
homogeneous halfspace obtained through experimental modal analysis techniques allows to 
use the thin layers formulation to obtain the response in spatial domain in closed form through 
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modal parameters. The explicit application of Hankel transform is thus avoided substantially 
reducing the adjustment execution time. 
This technique, based on the complete solution of the ground surface response, does not 
have the limitation of the SASW method that is only rigorously applicable for soil profiles 
with growing stiffness in depth. The proposed target function for the model adjustment is 
shown robust even in low coherence zones in spite of a relatively low number of transducers. 
       
Figure 4. Spatial phase dispersion for a transducer offset of 0.60 m 
Table 1.  Fitted soil profile for Case 1 
Layer Thickness 
(m) 
Poisson’s 
Ratio 
Density 
(tn/m
3) 
VS
(m/s) 
1 1.00  1/3  1.40  218 
2 1.00  1/3  1.40  244 
3 1.00  1/3  1.40  208 
4 1.00  1/3  1.40  243 
5 1.00  1/3  1.40  248 
6 1.00  1/3  1.40  207 
7 1.00  1/3  1.40  202 
8 1.00  1/3  1.40  247 
Halfspace  ∞  1/3 1.40 237 
Table 2.  Fitted soil profile for Case 2 
Layer Thickness
(m) 
Poisson’s 
ratio 
Density 
(tn/m
3) 
VS
(m/s) 
1 0.05  1/3  2.30  995 
2 0.10  1/3  1.90  470 
3 0.20  1/3  1.40  410 
4 0.40  1/3  1.40  165 
5 0.80  1/3  1.40  160 
Halfspace ∞  1/3 1.40 155 
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